The frequency effect on the electrical fatigue behaviour of lead zirconate titanate (PZT) ceramics for a micro-actuator of hard disk drives has been investigated. The PZT sample was subjected to a bipolar electric field of +1 kV/mm at various frequencies; 10, 50, 100 Hz. The fatigue behaviour could be attributed to the domain pinning effect and is well quantitatively analysed by using the ferroelectric logarithmic fatigue model. Significantly, it was found that fatigue degradation is more severe at low frequency loading. The frequency effect on the fatigue behaviour was explained using the viscosity concept.
Introduction: Due to the significantly higher density of the data storage, a highly precise servo control system for the read/write (R/W) positioning of hard disk drives (HDDs) is needed. To address this issue, a finetune lead zirconate titanate (PZT) micro-actuator is employed (see Fig. 1 ). Bulk PZT material is used as the core component of the micro-actuator suspension, because the PZT micro-actuator suspension can quickly and precisely position the R/W head on the narrow track width of a high track per inch (TPI) hard disk drive. However, the drawback of the PZT micro-actuator is the degradation of piezoelectric properties due to polarisation fatigue. This leads to a decrease in the performance of the micro-actuator, and eventually causes the failure of the read/write process in a hard disk drive. From the microstructure point of view, polarisation fatigue is attributed to the decrease in the ability of domain or polarisation switching (i.e. the ability of domain or polarisation to reorient due to the applied electric field). It is known that the ferroelectric properties and domain switchability is frequency dependent. [1, 2] This means that the different loading frequencies may lead to different degrees of fatigue degradation. Therefore, in this Letter, the effect of electrical loading frequency on the fatigue behaviour of PZT ceramics is investigated. Commercial soft PZT samples (K350, Piezo Technologies, USA) with diameter of sample being 10 mm and thickness 1 mm were used for the experiment. The samples were separated into three groups for three different loading frequencies (10, 50, 100 Hz). The surfaces of the samples were polished using 1200 and 4000 grit SiC grinding paper and then annealed at 600 8C for 5 h. The gold electrode was applied on the polished surfaces of the samples. The electrical cyclic testing was conducted using a commercial electrical fatigue testing instrument (TF Analyser 2000, aixACCT systems, Germany). A bipolar triangular electric field of amplitude equal to the coercive field, Ec (+1 kV/mm for this PZT sample), was applied across the electrode surfaces for up to 10 5 cycles. During the electrical cyclic loading, the hysteresis loops of the sample were measured at different decades of cycle numbers. The measurement amplitude and frequency was +1 kV/mm and 10 Hz, respectively. A current ranged from 0 -20 mA, which was automatically adjusted by the machine, was applied to the samples. To provide information on the ferroelectric/ piezoelectric properties of the PZT at different fatigue cycles, the values of the remanent polarisation (Pr) was extracted from the measured hysteresis loops,
The polarisation hysteresis loops of the PZT sample before and after 10 5 cycles of fatigue, at the frequency of 10, 50, and 100 Hz, are shown in Fig. 2 The changes of Pr at 10, 50 and 100 Hz indicate that the frequency of the cyclic electrical loading has significant influence on the electrical fatigue behaviour. At higher frequency, 50 and 100 Hz, the decrease in the polarisation after fatigue is notably less than that at the lower frequency, 10Hz.
The changes of the Pr as a function of fatigue cycles are quantified in Fig. 3 . This value can be expressed by
where Pr (+) , and Pr (2) is the positive and negative value of remanent polarisation, respectively. Fig. 3 shows that the Pr gradually decreases as a function of fatigue cycles. However, the sample fatigued at a frequency of 10 Hz has a higher rate of decrease compared to those fatigued at 50 and 100 Hz. The samples fatigued at 50 and 100 Hz show a similar rate of decrease in Pr, the values of Pr after 10 5 cycles are also similar. The decrease of Pr under a cyclic bipolar electrical loading with increasing cycles is an indication of the electrical fatigue in the piezoelectric materials. The electrical fatigue could be attributed to the domain pinning effect which reduces the ability of domains to switch [3 -6] and the formation and propagation of cracks in the materials [7, 8] . In this Letter, we focus only on the fatigue behaviour due to the pinning effect.
The change of Pr in Fig. 3 shows that the switching ability of the domains in PZT is greatly influenced by the frequency of the applied cyclic electric field. During the electrical fatigue, domain walls could be pinned by charged defects within gains which causes the decrease in the fraction of switchable domains [5, 6] . Generally, the ferroelectric fatigue behaviour could be represented by a logarithmic fatigue model expressed by:
where Pr is remanent polarisation, Pi is initial polarisation, A is a rate factor, N is a number of loading cycles, and C is a constant. By employing this model, calculated curves fit very well with the experimental results (see Fig. 3 ). The fitting parameters are shown in Table 1 . From Table 1 , it is seen that the rate factor, A, of the 10 Hz sample is one time of order of magnitude of the 50 and 100 Hz samples. This implies that the ferroelectric fatigue rate of the 10 Hz sample is much faster than those of 50 and 100 Hz samples. This is in agreement with the experimental data shown in Fig. 3 . To explain the frequency effect on fatigue behaviour due to the pinning effect, a viscosity concept is applied as follows [2] . If we assume that the movement of domains and defects occurs in a viscous medium. The displacement of domain walls and defects is frequency dependent. At low frequency, the charged defects have enough time to move to the domain boundaries and are captured. In this case, the switchability of domains decreases because a great number of domains are pinned. Therefore, the remanent polarisation decreases quickly. On the other hand, at higher frequencies, some charged defects cannot respond to such frequencies (50 and 100 Hz); these defects can only move over a short distance compared to those at low frequency. Therefore, there are fewer charged defects which are captured at the domain boundaries. The domain pinning effect is weaker in this case. Consequently, the fraction of pinned domains at 50 and 100 Hz samples after being fatigued is less than that at 10 Hz. Thus, the fatigue degradation of samples at 50 and 100 Hz is less than those at 10 Hz.
Conclusion:
The effect of frequency on the fatigue behaviour of PZT ceramics for micro-actuator applications was investigated. The fatigue behaviour was represented by the change of the ferroelectric hysteresis loop, and remanent polarisation as a function of loading cycles. It is found that the fatigue degradation is greater in the case of low frequency. This implies that the PZT micro-actuator operating at lower frequency loading may result in greater fatigue degradation compared to higher frequency loading. The fatigue behaviour could be attributed to the domain pinning effect and can be well quantified by using a logarithmic fatigue model. The results from this experiment could be used as a guideline for the life time testing and estimation for PZT micro-actuators in hard disk drives.
